ABSTRACT: Introduction: Age-related decline in the intrinsic lingual musculature could contribute to swallowing disorders, yet the effects of age on these muscles is unknown. We hypothesized there is reduced muscle fiber size and shifts to slower myosin heavy chain (MyHC) fiber types with age. Methods: Intrinsic lingual muscles were sampled from 8 young adult (9 months) and 8 old (32 months) Fischer 344/Brown Norway rats. Fiber size and MyHC were determined by fluorescent immunohistochemistry. Results: Age was associated with a reduced number of rapidly contracting muscle fibers, and more slowly contracting fibers. Decreased fiber size was found only in the transverse and verticalis muscles. Discussion: Shifts in muscle composition from faster to slower MyHC fiber types may contribute to age-related changes in swallowing duration. Decreasing muscle fiber size in the protrusive transverse and verticalis muscles may contribute to reductions in maximum isometric tongue pressure found with age. Differences among regions and muscles may be associated with different functional demands.
1
Even in healthy individuals, aging is associated with weaker maximum tongue strength 2 and longer swallow durations, specifically within the oral stage. 3 Muscles of the tongue are active throughout the oropharyngeal swallow 4 and are functionally divided into the extrinsic muscles, which are anchored to bones, and intrinsic muscles, which are interdigitated within the blade of the tongue. Previous studies on age-related changes of swallowing muscle biochemistry have focused on extrinsic tongue muscles as well as laryngeal muscles, [5] [6] [7] whereas intrinsic tongue muscles have undergone less scientific study.
The complexity and interdigitation of the intrinsic tongue muscles makes them challenging to isolate and study. Nevertheless, the intrinsic muscles contribute substantially to swallowing, speech, chewing, and respiration. [8] [9] [10] [11] One indication of the importance of the intrinsic muscles is that up to 80% of the hypoglossal motor neurons innervating the tongue are devoted to the intrinsic muscles. [12] [13] [14] Cranial muscles, including the tongue, typically have properties that make them unique from other skeletal muscles. 15 Tongue muscles have high levels of capillarization and hybrid fibers that express more than one myosin heavy chain (MyHC) isoform, yet they lack the high levels of developmental MyHC isoforms found in some cranial muscles. 15, 16 Aging has been shown to differentially effect tongue and limb muscle. For instance, the tongue was found to contract more slowly with age, but it did not exhibit the loss of force generation seen in the extensor digitorum longus. 17 Further, it is possible that aging may have differential effects among tongue muscles, as observed within the intrinsic laryngeal muscles. With age, the cricothyroid muscle was found to have decreased fiber numbers, decreased fiber size, and changes in MyHC fiber types, yet no changes were found in the posterior cricoarytenoid. 7 Understanding how aging impacts muscles of the tongue would contribute to this growing knowledge of cranial muscle biology and may contribute to improvements in the treatment of age-related swallowing disorders.
Although many muscles across the upper aerodigestive tract are involved in swallowing, the tongue is one of the primary targets of swallowing therapy. [18] [19] [20] [21] Accordingly, understanding how tongue muscles may be altered by aging has clinical implications that may help to refine treatments. Because noncadaveric human tongue tissue is difficult to obtain for research purposes, a rat model was developed to examine biological aspects of tongue muscle changes as a function of aging. In this rat model, the extrinsic genioglossus muscle exhibited age-related shifts in MyHC isoform composition, with decreased percentages of fastcontracting MyHC isoform IIb, as well as changes in muscle contraction properties, including slower contraction times. [22] [23] [24] However, the effects of age on intrinsic tongue muscles is not known. This knowledge is important because there is evidence that the intrinsic muscles have a substantial role in swallowing, 8 particularly in the oral stage of bolus formation and propulsion. 10, 25 Our goal was to determine whether there are age-related changes in muscle fiber size and MyHC fiber types in each of the intrinsic lingual muscles. Our hypothesis was that old age would be associated with reductions in muscle fiber size, decreased percentages of muscle fibers composed of fastcontracting MyHC type IIb, and increased percentages of the slower MyHC type IIa muscle fibers.
METHODS
Animals. Tongue muscle samples were collected from 8 old (32 months) and 8 young adult (9 months) male Fischer 344/Brown Norway rats (National Institute on Aging colony; Harlan Laboratories, Indianapolis, Indiana). This strain of rat is used in aging research and has a median life span of 34 months. 26, 27 Experiments were approved by the University of Wisconsin School of Medicine and Public Health Animal Care and Use Committee.
Muscle Samples. Whole intrinsic tongues were collected and snap frozen in OCT compound (Tissue-Tek, Sakura Finetek) using liquid nitrogen-cooled isopentane and stored at -808C. Intrinsic tongue muscle samples were dissected at -208C, as shown in Figure 1 , re-embedded in OCT, and snap frozen to avoid thawing. The superior longitudinal, inferior longitudinal, transverse, and verticalis muscles were sampled. As intrinsic tongue muscle properties have been shown to differ from the anterior to the posterior of the tongue, 28 each muscle was sampled from the anterior, middle, and posterior regions. Cross-sections of the longitudinal muscles were obtained coronally, transverse muscles parasagitally, and verticalis muscles horizontally. 28 Individual muscle samples were cut into 10-lm-thick sections on a cryostat (Leica).
Immunofluorescent Staining. Myosin heavy chain is a prime determinant of muscle fiber type. 29 Accordingly, based on Bloemberg and Quadrilatero, 30 primary antibodies from the Developmental Studies Hybridoma Bank (University of Iowa) were used to identify muscle fibers positive for MyHC types I (BA-F8, 1:50), IIa (SC-71,1:600), IIx (6H1, 1:100), and IIb (BF-F3, 1:200). [30] [31] [32] [33] [34] Because the primary antibodies for IIx and IIb fibers bind the same secondary antibodies, 2 sequential slides were prepared for each muscle: 1 stained for MyHC type I, IIa, and IIb, and the other for MyHC type IIa and IIx (Fig. 2) . In addition, all samples were stained with laminin (1:1,000; Sigma-Aldrich). Slides were fixed in cold (48C) acetone for 10 min, washed, and incubated for 30 min in a blocking serum of phosphatebuffered saline with 10% goat serum. Each group of primary antibodies was prepared in 10% goat blocking serum, and applied to the samples for 1 h at room temperature. After several washes, secondary antibodies (Alexa Fluor 350 IgG2b, Alexa Fluor 488 IgG1, Alexa Fluor 555 IgM, and 633 IgG; Invitrogen) were applied and incubated for 1 hour at room temperature. Slides were washed, dried, and coverslipped with Prolong Gold (Thermo Fisher). In total, there were 2 sequential sections of each muscle, from each region. Each muscle section was imaged with 3 randomly sampled fields of view, for a total of 18 images per muscle (2 sections 3 3 regions 3 3 images). Images were collected at 203, using a N-STORM microscope (Nikon) with an iXon 897 EMCCD camera (Andor). To ensure a high-fiber density of the desired muscle, longitudinal muscles were imaged near the edges of the tongue (Fig. 1B1) , whereas the transverse was imaged centrally (Fig. 1B2) . The verticalis was sampled near the side of the tongue to minimize the inclusion of genioglossus fibers, which run vertically in the center of the tongue (Fig. 1B3) . [35] [36] [37] [38] [39] With a constant image size, the number of fibers per image varied due to the size and density of the fibers. The average number of fibers included in the analysis of a muscle section across regions was 315 with a standard deviation of 106.
Fiber Typing and CSA. The MATLAB application SMASH 40 was used to determine the size and MyHC types of each muscle fiber. Positive staining thresholds for each image were verified by a second researcher. The percent of the measured fibers positive for each MyHC type was determined. We inferred muscle fiber type from MyHC composition for each muscle fiber sampled, because MyHC composition is a primary determinant of the fiber type. 41 A hybrid fiber, positive for 2 or more MyHC types, was counted for each MyHC type for which it was positive. Muscle fiber size was measured as the minimum Feret diameter, which is robust to the angle at which the fiber was cut. 42 Muscle fiber data generated in SMASH were compiled for analysis in Mathematica (Wolfram).
Statistical Analysis. Muscle fiber type (MyHC) percentages were analyzed using a mixed design repeatedmeasures analysis of variance. The between-subjects factor was age (young adult vs. old), whereas the within-subject factors were region and muscle. The 3 dependent measures were the percent of MyHC IIb, IIa, and IIx fibers. Fibers positive for type I MyHC were very rare and were not included in any analyses. Greenhouse-Geisser adjusted P-values and degrees of freedom were reported because the Mauchly test for sphericity was significant for several cases. However, significance did not differ between adjusted and non-adjusted P-values. The adjusted degrees of freedom are non-integer values and differ between fiber type and variable. Significance was determined using a < 0.05 as the critical value.
Linear mixed effects models were used to assess muscle fiber size for each MyHC type. Age, region, and muscle were modeled as fixed effects, with individual subjects as random effects. All interactions between age, muscle, and region were included in the model. The dependent variable was the mean minimum Feret diameter for each muscle fiber type (IIb, IIx, and IIa). Animal weight was included as a covariate because mean fiber size was significantly and moderately correlated with weight (Pearson r 5 0.49, P 5 0.05). When significant interactions were found, the Sidak post-hoc test was used to assess pairwise differences. Degrees of freedom varied across analyses due to differences in detection of specific MyHC isoforms across samples. Specifically, muscle fibers positive for MyHC type IIa were not present in 44 samples, and muscle fibers positive for MyHC IIb were not present in 17 samples. All statistical analyses were performed using SPSS Statistics 22 (IBM SPSS).
RESULTS
Muscle Fiber Type Percentages. There were no significant interaction effects between age and muscle, as well as no significant 3-way interactions among age, region, and muscle. However, a significant interaction effect between muscle and region was found for all MyHC types indicating that differences among muscles varied by region [ In both young adult and aged animal groups, MyHC IIb-positive muscle fibers were most abundant in the anterior of the tongue and decreased progressively toward the posterior tongue (Fig. 3,  top panel) . In contrast, MyHC IIx and IIa fibers were least abundant in the anterior and increased toward the posterior tongue (Fig. 3, (Fig. 3) . Post-hoc pairwise tests determined that, in the anterior region, the young adult group had significantly more fibers positive for MyHC IIb, whereas the old group had more fibers positive for MyHC IIx.
Muscle Fiber Size. Generally, fibers within all muscles studied were larger in the posterior versus anterior regions of the tongue (Fig. 4) . In muscle fibers positive for MyHC IIb, there was a significant interaction between age and region [F(2, 138.78) 5 4.01, P 5 0.02]. That is, in the posterior region of the transverse and verticalis muscles, the old group had significantly smaller muscle fibers. An age-region-muscle interaction was significant for MyHC IIx-positive muscle fibers [F(6, 154) 5 2.63, P 5 0.019]. Post-hoc testing demonstrated that the middle transverse muscle fibers and posterior verticalis fibers were significantly smaller in the old group. No significant fiber size differences between age groups were found in the longitudinal muscles.
DISCUSSION
We hypothesized that age would be associated with reductions in muscle fiber size, decreased percentages of muscle fibers composed of rapidly contracting MyHC IIb, and increased percentages of the slower MyHC IIa muscle fibers. Our findings support these hypotheses in that age was associated with increased percentages of more slowly contracting muscle fiber types and reductions in fiber size that were region and muscle specific.
Our findings are consistent with the aging literature in studies of both extrinsic lingual and intrinsic laryngeal muscles. 7, 24 As has been seen in human cadaveric intrinsic tongue muscles, 28 both muscle fiber size and composition varied from the anterior to the posterior of the rat tongue. Specifically, muscle fiber diameter increased with distance from the tip of the tongue, more rapidly contracting muscle fibers were found in the anterior tongue, and a greater percentage of slower fibers were seen in the posterior tongue. Interestingly, this anterior-to-posterior shift in muscle fiber types is the inverse of the extrinsic genioglossus muscle, in which the highest percentage of MyHC IIb was found in the posterior tongue and the highest percentage of MyHC IIa isoform in the anterior region. 5 Therefore, our findings reinforce the value of this animal model for studying the changes in biological mechanisms underlying age-related decrements in tongue function, and endorse differences between intrinsic and extrinsic lingual muscles.
Differences among intrinsic muscles and tongue regions may be associated with different functional demands, although the specific functional contributions of the different muscles and regions of the tongue are not yet well understood. Smaller diameter muscle fibers in the anterior region of the tongue may allow for fine motor control, 28 whereas larger diameter muscle fibers in the middle and posterior tongue regions may contribute to bolus driving forces for propulsion into the hypopharynx. Faster contracting intrinsic muscle fibers in the anterior tongue may be necessary for rapid responses to bolus movement or transport, or potential bolus containment perturbations during mastication. Furthermore, slower contracting muscle fibers with increased endurance may be necessary in the posterior regions of the intrinsic tongue muscles to maintain airway patency. 43, 44 Overall, the old group showed a decrease in the rapidly contracting MyHC IIb muscle fibers, and an increase in IIx and IIa fibers. That is, more slowly contracting and fatigue-resistant muscle fibers were more common in the old group. One feature of swallowing in aged populations is the longer swallow duration. The shifts in muscle composition from faster to slower MyHC muscle fiber types may contribute to age-related changes in swallowing speed, but in turn may provide the endurance necessary for eating an entire meal. 45, 46 Age-related reductions in IIb and IIx muscle fiber size occurred only in specific intrinsic tongue muscles as a function of region. That is, significant reductions in muscle fiber size with age were only found in the middle and posterior transverse and verticalis muscles. No significant age differences in fiber diameter were found in the longitudinal muscles. Two previous studies of human cadaveric tongues reported conflicting results as to whether longitudinal muscle fiber atrophy was manifested with increasing age. 47, 48 That is, the trend of decreasing superior longitudinal muscle fiber diameter with age is in contrast to a report that showed increasing muscle fiber cross-sectional area near the lingual root after age 44.
47,48 Different age ranges, muscle sample locations, and muscle fiber selection parameters may have contributed to the divergent findings. Mixed results have also been reported on the impact of aging on the extrinsic lingual muscles. 5, 24, [49] [50] [51] Because imaging and electromyographic studies have indicated that the transverse and verticalis muscles may work with the genioglossus to propel the bolus during swallowing, 8, 52 decreasing muscle fiber size in the transverse and verticalis muscles, as reported in our study, may contribute to the reductions in maximum tongue pressure found with age. 2 A possible interpretation of differential findings across intrinsic tongue muscles may be that muscles with important respiratory functions are spared from aging effects. This interpretation was offered in a study of aging in the intrinsic laryngeal muscles. Specifically, the posterior cricoarytenoid muscle, which is involved in respiration, did not show any significant age-related changes, in contrast to the other muscles studied. 7 In the present study, the superior longitudinal muscle, which is also active during inhalation, 44 appeared to have the least age-related decline. It has also been suggested that the far posterior transverse muscle fibers may have a role in maintaining the airway. 43 The posterior transverse muscle samples used in the present study may not have captured fibers with a respiratory function, yet we only found agerelated size reductions in the IIb fibers, which are not typically relied on for normal quiet breathing. 53 There are some limitations to this study. First, cranial muscles have a high percentage of hybrid muscle fibers that are positive for more than 1 MyHC type. 15 We chose to include hybrid fibers in each MyHC type for which they were positive. Exclusion of these hybrid fibers or reclassification into a separate category may have reduced the variability of the results. Second, we chose to measure a randomly sampled subset of muscle fibers from each muscle cross-section and did not include all fibers within a muscle. Analysis of complete muscle cross-sections may have improved accuracy and provided additional data, such as the total number of fibers in a muscle. Third, because the extrinsic muscles interdigitate with the intrinsics, it is likely that some samples included extrinsic muscle fibers, particularly in the posterior region. Although great care was taken to only include intrinsic muscle fibers, the possibility exists that genioglossus fibers were included in the posterior verticalis, whereas the inferior longitudinal samples may have included styloglossus and hyoglossus fibers. This particular limitation was unavoidable due to the complexity of tongue anatomy.
Tongue exercises are used to treat dysphagia and have been shown to increase tongue strength and improve patients' swallowing function and quality of life. 19 Experiments aimed at understanding how these exercises affect aged muscles and improve treatments have focused on the genioglossus. 24, 49 The results of the present study suggest that agerelated declines in the intrinsic muscles, particularly the transverse and verticalis, may also be a consideration in swallowing among aged patients. Accordingly, the manner in which treatments in current clinical use, such as tongue exercise, alter the characteristics of the intrinsic muscles of the tongue should be addressed in future studies.
